INTRODUCTION {#SEC1}
============

Intersegmental transfer (IST) is an important strategy for facilitated target search by sequence-specific DNA-binding proteins (DBPs) in crowded environments. Sequence-specific DBPs participate in wide varieties of cellular processes by searching and binding short target DNA sequences interspersed in the vast genomic DNA ([@B1]). To search for the target sequence efficiently, DBPs exploit the one dimensionality of DNA and utilize both one-dimensional (1D) sliding along DNA and three-dimensional (3D) diffusion between separated DNA strands. A simple calculation based on the two-component system composed of DBP and DNA demonstrated that use of both strategies at the optimum ratio would facilitate the target search process significantly ([@B5]). However, the actual cellular environment around DBPs and DNA is far from ideal for the simple two-component system. The target search of DBPs in cells needs to be efficient in the presence of crowding macromolecules as well as obstacles bound to DNA. IST is the transfer of DBPs from one site of DNA to a distal site through the formation of a three-body complex composed of the DBP and two sites of DNA (Figure [1A](#F1){ref-type="fig"}). If the three-body complex is a transient and low-populated state, the IST can be described as the second-order process and depends linearly on the concentration of the second DNA ([@B6]) (Figure [1B](#F1){ref-type="fig"}). IST is expected to be an important strategy for DBPs to avoid obstacles in 1D sliding without utilizing 3D diffusion in cells. However, the precise molecular mechanism of IST based on the structural properties of DBPs is unclear.

![A schematic drawing of the elementary steps of IST reactions. A DBP transfers from DNA1 to DNA2 through the formation of the three-body complex with two DNA strands in panel (**A**). If the three-body complex is a transient and low-populated state, the reaction can be described as the second-order process in panel (**B**). Gray circles and rectangles represent proteins and DNA strands, respectively.](gky586fig1){#F1}

We and other researchers have studied the facilitated diffusion of p53, an essential tumor suppressor that prevents tumorigenesis in eukaryotic cells ([@B4]). p53 binds to its target sequence and regulates the expression of downstream genes involved in DNA repair, cell cycle arrest or apoptosis. p53 forms a homotetramer whose monomeric unit consists of the N-terminal (NT) (residues 1--93), core (residues 94--292), linker (residues 293--324), tetramerization (Tet) (residues 325--355) and C-terminal (CT) (residues 356--393) domains ([@B7]). The core domain is structured and is used for the specific recognition of the target sequence. The CT domain is intrinsically disordered with five net positive charges and is used for non-specific binding to DNA. The 1D sliding of p53 along DNA has been characterized by single-molecule fluorescence observations ([@B8]) and by molecular dynamics (MD) simulations ([@B15]). Two sliding modes were identified: the fast mode in which the CT domain mainly interacts with DNA and the slow mode in which the core and CT domains interact with DNA ([@B13]). The core domain in the slow mode is recruited to DNA by the disordered linker ([@B14]). Moreover, the sliding p53 passes over the target sequence frequently, leading to the proposal that target recognition probability regulates the target binding of p53 ([@B12]). The kinetic association of p53 to DNA shows an extremely fast rate constant, ∼ 10^9^ M^−1^ s^−1^, for short 30 bp DNA ([@B12]), which may be achieved by strong electrostatic interaction between p53 and DNA ([@B18]). Accordingly, various aspects of facilitated diffusion in p53 have been investigated comprehensively except for IST.

However, several lines of evidence strongly suggest that IST of p53 may be important for facilitated diffusion in the crowded environment. First, the unique tetrameric structure of p53, possessing eight DNA-binding domains, might enable the protein to bind to two DNA strands simultaneously. In particular, the disordered CT domain, possessing a strong affinity toward non-specific DNA, might also be used for IST, as suggested for the disordered N-terminal domain of homeodomain proteins by Levy *et al.* ([@B19]). Second, the coarse-grained MD simulations predicted IST for p53 ([@B15],[@B22]). Khazanov and Levy demonstrated that p53 can bind to two DNA strands simultaneously with the disordered CT domain ([@B15]). Takada *et al.* further confirmed that IST of p53 occurs predominantly by attaching the CT domain to DNA and sub-dominantly by attaching the core domain ([@B22]). Third, p53 is known to cause DNA looping by binding to more than two sites of DNA, suggesting the possibility of IST of p53 ([@B23]).

Here, we examined the IST of p53 using ensemble stopped-flow and single-molecule fluorescence observations. The kinetic ensemble measurements revealed that the IST of p53 occurs efficiently with a rate constant of ∼10^8^ M^−1^ s^−1^. Moreover, to elucidate the role of the CT domain on the IST, we constructed the TetCT and CoreTet mutant that maintains and lacks the CT domain, respectively. The ensemble measurements with those two mutants demonstrated that the CT domain but not the core domain is responsible for IST. Single-molecule observation of IST determined the transfer efficiency of p53 on crisscrossed DNA. Our results suggest that the molecular architecture of p53 might be optimized for IST to facilitate target search in the crowded nuclear environment.

MATERIALS AND METHODS {#SEC2}
=====================

Preparation of p53 mutants {#SEC2-1}
--------------------------

Expression systems for the pseudo-wild-type (WT), inactive (R248Q), CoreTet and TetCT mutants were constructed and the mutants were expressed and purified following our previous methods ([@B11]). In brief, *Escherichia coli* (BL21(DE3)pLysS) containing the plasmid for GST-tagged p53 mutant was cultured at 37°C. ZnCl~2~ and IPTG were added at a final concentration of 100 μM when the culture medium showed an OD~600~ of ∼0.5. For the TetCT mutant, we did not add ZnCl~2~ because it does not have the Zn^2+^-binding site. After induction, *E. coli* was further cultured at 20°C for 16 h. *Escherichia coli* was collected and disrupted by sonication. p53 was attached to the GST column (GSTrap FF; GE Healthcare) via the GST tag and eluted after digestion of the GST tag with PreScission protease (GE Healthcare). p53 was further purified using a heparin column (HiTrap Heparin HP; GE Healthcare).

For single-molecule measurements, the pseudo-WT p53, CoreTet mutant, and TetCT mutant were labeled with ATTO532 (ATTO-TEC, Siegen, Germany) using the cysteine-maleimide reaction. The free dye was removed using a cation exchange column (HiTrap SP HP; GE Healthcare). The labeling efficiencies for the pseudo-WT and CoreTet mutants were estimated by using optical absorbance at 280 nm and at 532 nm, and were 1.1 and 1.5 dye per monomer, respectively. The labeling efficiency of the TetCT mutant containing no tryptophan was estimated to be 0.97 dye per monomer by using Bradford assay and optical absorbance at 532 nm.

DNA used for the stopped-flow measurements {#SEC2-2}
------------------------------------------

DNA fragments were purchased from Sigma-Aldrich and used without further purification. The sequences of the target DNA are 5′-6-FAM-ATCAG[GAACATGTCCCAACATGTTG]{.ul}AGCTC-3′ and 3′-TAGTC[CTTGTACAGGGTTGTACAAC]{.ul}TCGAG-5′, which are derived from the *p21* 5′ promoter site. The consensus sequences are underlined. The sequence of the non-target DNA was 5′-6-FAM-AATATGGTTTGAATAAAGAGTAAAGATTTG-3′ and 3′-TTATACCAAACTTATTTCTCATTTCTAAAC-5′. The non-labeled target DNA was used as the competitor DNA.

Stopped-flow measurements {#SEC2-3}
-------------------------

To examine the IST of p53, we used a stopped-flow apparatus (Unisoku, Osaka, Japan) equipped with a home-made detection unit of fluorescence polarization as explained previously ([@B11],[@B12]). Briefly, a vertically-polarized light from a 473-nm laser (Laser Quantum, Cheshire, UK) was irradiated to the flow cell. A polarizer (Edmund Optics, Japan) and a long pass filter (FF01-520/35; Sermock, New York, USA) were set in front of the photo detector (H10722; Hamamatsu Photonics, Hamamatsu, Japan). The mixing dead time of the mixer was about 1 ms. The time resolution of fluorescence detection was 1 ms. We calculated the anisotropy value using the following equation: $$\documentclass[12pt]{minimal}
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}{}\begin{equation*}r\;\left( t \right) = \frac{{{I_{{\rm{VV}}}}\left( t \right) - G{I_{{\rm{VH}}}}\left( t \right)}}{{{I_{{\rm{VV}}}}\left( t \right) + 2G{I_{{\rm{VH}}}}\left( t \right)}}\;\end{equation*}\end{document}$$where *r*(*t*), *I*~VH~(*t*), *I*~VV~(*t*) and *G* represent time course of anisotropy, fluorescence intensity excited at vertical polarized light and detected as horizontal polarized light, fluorescence intensity excited at vertical polarized light and detected as vertical polarized light, and the G factor that was set to 1, respectively. To obtain the kinetic changes of *r*(*t*), four kinetic traces for each of *I*~VH~(*t*) and *I*~VV~(*t*) were obtained independently and cumulated. For IST experiments, 40 nM of 6-FAM labeled DNA and 60 nM per tetramer of p53 mutant were premixed. The complex was mixed with the solution containing 100−400 nM of non-labeled p21 target DNA at a mixing ratio of 1:1. We used a buffer containing 20 mM HEPES, 0.5 mM EDTA, 0−100 mM KCl, 0−3 mM MgCl~2~, 0.2 mg/ml BSA, 1 mM DTT and 2 mM Trolox at pH 7.9. All the measurements were performed at 25°C. To prevent the dissociation of p53 tetramers to dimers or monomers, we finished all the measurements within 50 min after the preparation of the p53 solutions from the concentrated stock solution, because the half-life of the dissociation from the tetramer into the two dimers was 50 min ([@B24]). The obtained anisotropy decay curves were fitted with a single-exponential function. The apparent dissociation rate constants (*k*~obs~) obtained by the fitting were plotted against the concentration of competitor DNA and fitted with a linear function.

Labeling of λDNA with biotin or digoxigenin for single-molecule experiments {#SEC2-4}
---------------------------------------------------------------------------

We constructed two types of λDNA. One was λDNA which possessed two biotins at both ends and the other possessed one biotin and one digoxigenin at each end. To label λDNA, we followed a reported method with some modifications ([@B25]). λDNA (New England Biolabs, Massachusetts, USA) was mixed with an oligo DNA (5′-pAGGTCGCCGCCC-biotin-3′; oligo-1) at a molar ratio of 1:10 (λDNA:oligo-1). The mixture was heated at 65°C for 15 min and cooled to room temperature for annealing of the DNA. Next, T4 ligase (New England Biolabs) was added to the solution and incubated for 30 min at room temperature. After ligation, an oligo DNA (5′-pGGGCGGCGACCT-biotin-3′; oligo-2) was added at a molar ratio of 1:50 (λDNA:oligo-2). The mixture was heated at 65°C for 15 min and cooled to room temperature for annealing of the DNA. In this step, we added an oligo DNA labeled with digoxigenin instead of biotin for dig-labeled λDNA. Again, T4 ligase was added to the solution and incubated for 30 min at room temperature. The solution was then heated at 65°C for 10 min to inactivate the T4 ligase. The excess oligos were removed by using MicroSpin S-400 HR Columns (GE Healthcare). The purified λDNA was stored at 4°C.

Polydimethylsiloxane (PDMS) stamp {#SEC2-5}
---------------------------------

For single-molecule observations, we designed a PDMS stamp possessing lattice-shaped patterns. The custom-made PDMS stamp was purchased from Fluidware Technologies (Saitama, Japan). The patterns of the stamp are depicted in [Supplementary Figure S1A and B](#sup1){ref-type="supplementary-material"}. The line widths of the lattices were 2 and 3 μm. The distances between two parallel lines of the lattices were 10, 11, 12 and 13 μm. In total, eight types of lattices were designed in one stamp. The stamped area of the lattices was a square whose size was 0.5 mm by 0.5 mm. The number of lattices in one preparation of the flow cell was ∼10 000 in total. The height of the lattice patterns in the stamp was 1 μm.

Modification of the DNA garden method for preparation of crisscross DNA strands {#SEC2-6}
-------------------------------------------------------------------------------

To construct crisscrossed DNA strands, we first stamped neutravidin onto a washed coverslip coated with the MPC polymer following the protocol developed for the DNA garden method ([@B23]). A coverslip (Matsunami Glass Ind. Ltd.) was immersed in the solution containing 10% NH~3~ and 10% H~2~O~2~ for a 20 min wash. After the wash, 100 μl of 0.5% MPC polymer (Lipidure-CM5206; NOF Corp., Tokyo, Japan) in 99.5% ethanol was dropped onto the coverslip and dried to coat the surface with the polymer to prevent the adsorption of DNA and p53. Next, 20 μl solution containing 1 mg/ml neutravidin and 10 mM phosphate at pH 7.4 was dropped onto the PDMS stamp and incubated for 45 min. The stamp was washed thrice with 1 ml of ultrapure water. To transfer neutravidin from the stamp to the coverslip, the coated coverslip was set on the stamp on which 300 g of weight was applied for 5 min. After the stamping, the flow cell with a cross-shaped flow path was constructed using the stamped coverslip, a slide glass with four holes, and a double-sided tape whose thickness was 100 μm. The cross-shaped flow path having a width of 4 mm and a length of 1.4 or 3 cm was made by cutting the double-sided tape. The stamped area was placed at the center of the cross-shaped flow path. A solution of 5% polyvinylpyrrolidone K 15 (Tokyo Chemical Industry, Tokyo, Japan) in 10 mM phosphate buffer at pH 7.4 was introduced into the flow cell and incubated for 20 min. Furthermore, 1 mg/mL of bovine serum albumin (Sigma-Aldrich Japan) (BSA) in 10 mM phosphate buffer at pH 7.4 was introduced and incubated for 20 min.

λDNA was attached to the stamped neutravidin at one end by introducing 150--500 pM of double-biotin λDNA or biotin-λDNA-digoxigenin in 10 mM phosphate buffer at pH 7.4 into one flow path at a flow rate of 40 μl/min and by incubating for 30 min. To attach both ends of λDNA to two neutravidins stamped at separate positions, we used two methods described below. In case of the double-biotin λDNA, we introduced a buffer containing 20 mM HEPES at pH 7.9, 0.5 mM EDTA, 25 mM KCl, 0−2 mM MgCl~2~, 0.2 mg/ml BSA, 1 mM DTT and 2 mM Trolox, in one flow path at a rate of 200 μl/min for 5 min, followed by the flow of the same solution in the other flow path at the same rate for 5 min. In case of biotin--λDNA--digoxigenin, we introduced a buffer containing 20 mM HEPES at pH 7.9, 0.5 mM EDTA, 25 mM KCl, 0--2 mM MgCl~2~, 0.2 mg/ml BSA, 1 mM DTT, 2 mM Trolox and 1000-fold diluted anti-digoxin-biotin (Sigma-Aldrich Japan) in one flow path at a flow rate of 500 μl/min for 4 min, followed by the flow of the same solution in the other flow path at the same rate for 2 min.

Single-molecule observation of IST {#SEC2-7}
----------------------------------

To observe IST at the single-molecule level, we used the home-built single-molecule fluorescence microscope described previously with some modifications ([@B11],[@B23]). In brief, 532-nm laser light (Compact-TS-20G-532; OTPO-LINE, Tokyo, Japan or CL-532-050-L; CrystaLaser, Nevada, USA) reflected with a dichroic mirror (Di01-R405/488/532/635-25 × 36; Semrock, NY, USA) was collimated on the back focal plane of an objective lens with N.A. = 1.4 (Plan Apo VC 100×; Nikon, Tokyo, Japan) to illuminate the molecules sliding on tethered DNA selectively based on the principle of total internal reflection fluorescence (TIRF) microscopy. The flow cell with the cross-shaped flow path was placed above the objective lens and fluorescence was detected with a TDI-EM CCD camera (Hamamatsu Photonics; Hamamatsu, Japan) after passing through an optical filter (BLP01-532R-24; Semrock). For the single-molecule experiments, we introduced 250−500 pM per tetramer of ATTO532-p53 in a buffer containing 20 mM HEPES, 0.5 mM EDTA, 25 mM KCl, 0 or 2 mM MgCl~2~, 0.2 mg/ml BSA, 1 mM DTT and 2 mM Trolox at pH 7.9 into the flow cell. All the measurements were performed at room temperature, 22°C. Sequential images of p53 were taken at 33 ms intervals under a flow at a rate of 500 μl/min. To prevent the dissociation of p53 tetramers to dimers or monomers, we finished all the observations within 50 min after the preparation of the p53 solutions from the concentrated stock solution ([@B24]).

For the analysis, movement of the p53 molecule was tracked using ImageJ and its plugin, Particle Track and Analysis, developed by Dr Yoshiyuki Arai (Osaka University, Japan). The position of the p53 molecule was determined by fitting with the 2D Gaussian function. To analyze the IST of p53, the method developed by Greene\'s group was referred ([@B26]). First, to determine the position of DNA strands and the intersection, we tracked p53 molecules in a series of frames and plotted the tracked coordinates of all molecules in one image ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). The plots, corresponding to the tethered DNA strands, were fitted with a linear function when there was no flow. If the horizontally tethered DNA strands were curved by a flow pressure in a vertical direction, the plots were fitted with a quadratic function. The coordinates of the intersections were calculated from the fitted equations of the two crisscrossed DNA strands. We defined the intersection as a circle with a radius of 4 pixels (320 nm) considering the fluctuation of DNA. Two crisscrossed DNA strands were denoted as DNA1 and DNA2, and divided into five areas, the intersection, one side of DNA1, the other side of DNA1 across the intersection, one side of DNA2 and the other side of DNA2 across the intersection. The movement of p53 after entering the intersection was classified into four cases. First, when p53 entered the intersection from one side of DNA1 by the 1D sliding, resided in the intersection for a while, and went out of the intersection to either side of DNA2, the movement was categorized as 'transfer', that is, IST occurred. Second, when p53 entered the intersection from one side of DNA1 and went out of the intersection to the opposite side of DNA1, the movement was categorized as a 'pass', that is, p53 passed over the intersection without IST. Third, when p53 entered the intersection from one side but returned to the same side, the movement was categorized as 'return'. Fourth, when p53 disappeared after entering the intersection, the movement was categorized as 'dissociation' of p53 from DNA or photobleaching/photoblinking of the fluorescent dye, ATTO532. The number of each of the four events was counted and the transfer efficiency, which is the ratio of the number of the transfer events to that of the whole events, was estimated.

RESULTS {#SEC3}
=======

IST of p53 is extremely fast {#SEC3-1}
----------------------------

To examine whether p53 undergoes IST, we conducted ensemble stopped-flow measurements detected by fluorescence anisotropy ([@B11]). Since WT p53 aggregates easily, we constructed pseudo-WT p53 that retains the functions of WT p53 ([@B11]). A 30 bp fragment of double-stranded DNA was labeled with the fluorescent dye 6-FAM, and was initially complexed with p53. The solution was mixed with various concentrations of target DNA without a fluorescent dye, used as a competitor, in the presence of 50 mM K^+^ and 2 mM Mg^2+^ (Figure [2A](#F2){ref-type="fig"}). The kinetic dissociation of p53 from the 6-FAM labeled DNA can be detected as decay of the fluorescence anisotropy of 6-FAM (Figure [2B](#F2){ref-type="fig"}). While the absolute anisotropies of some traces were shifted due to the experimental uncertainty caused by independent detections of the fluorescence data at different polarization angles ([@B12]), we confirmed the reproducibility of the kinetic anisotropy changes. If IST occurs, the apparent dissociation rate constant (*k*~obs~) should increase as the competitor concentration increases. To obtain the *k*~obs~ values, we fitted the decay curves with a single-exponential function based on the assumption of a pseudo-first-order process (Figure [2B](#F2){ref-type="fig"}). The rate constant from non-target DNA linearly depended on the competitor concentration, and the rate constant of IST (*k*~IST~) was estimated by fitting the plot of the *k*~obs~ values in the presence of 100--200 nM of the competitor DNA with a linear function (Figure [2C](#F2){ref-type="fig"}). The *k*~IST~ value for pseudo-WT p53 corresponding to the slope was (3.6 ± 0.3) × 10^8^ M^−1^ s^−1^. The *k*~IST~ value of p53 from non-target DNA is extremely large. The validity of the above-mentioned analyses was discussed in [Supplementary Data](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}.

![(**A**) A schematic drawing of the experimental set up for stopped-flow fluorescence anisotropy measurements. Kinetic dissociation of p53 from the 6-FAM labeled DNA was monitored at different concentrations of competitor DNA by following fluorescence anisotropy. (**B**) Time course of fluorescence anisotropy of the 6-FAM labeled non-target DNA premixed with p53 after mixing with the competitor DNA. The black, red, blue, and orange lines correspond to the traces obtained in the presence of 50, 100, 150, and 200 nM of the competitor DNA. The curve-fitting was done according to the single-exponential function. (**C**) The apparent dissociation rate constant of pseudo-WT p53 (*k*~obs~) from the target (circle) and the non-target (triangle) 30 bp DNA strands against the competitor DNA concentration. The data in the presence of 200 nM of competitor DNA were adapted from our previous work ([@B12]). The data in the presence of 50 nM of competitor DNA were obtained in the condition that did not satisfy the pseudo first order approximation, and were presented for comparison (see discussion in [Supplementary Data](#sup1){ref-type="supplementary-material"}). (**D**) The apparent dissociation rate constant of the inactive mutant of p53 (*k*~obs~) from the target (circle) and the non-target (triangle) 30 bp DNA strands against the competitor DNA concentration. The lines in panels (C) and (D) show a linear-fitting of the results obtained in the competitor concentrations between 100 and 200 nM, where slope corresponds to *k*~IST~. Panels (B)--(D) are the data obtained in the presence of 50 mM K^+^ and 2 mM Mg^2+^. The error bars represent fitting errors of the kinetic data.](gky586fig2){#F2}

We observed that IST of p53 occurs only from non-target DNA. First, the apparent dissociation rate constant of pseudo-WT p53 from target DNA did not depend on the competitor concentration (Figure [2c](#F2){ref-type="fig"}). Second, the inactive mutant (R248Q) of p53 that lost binding specificity for target DNA ([@B12]) showed competitor-dependent dissociation both from the target and non-target DNAs, corresponding to a *k*~IST~ of (2.1 ± 0.5) × 10^8^ M^−1^ s^−1^ and (2.0 ± 0.3) × 10^8^ M^−1^ s^−1^, respectively (Figure [2D](#F2){ref-type="fig"}). The difference in IST from the target and non-target sequences might be attributed to the different quaternary conformations of the p53--DNA complexes.

Roles of the two DNA-binding domains in IST {#SEC3-2}
-------------------------------------------

To clarify the roles of the two DNA-binding domains in IST, we prepared two mutants of p53, CoreTet and TetCT, that lack the disordered CT domain and the structured core domain, respectively ([@B13]), and determined their IST rate constants from non-target DNA in the presence of 50 mM K^+^ and 1 mM Mg^2+^ (Figure [3A](#F3){ref-type="fig"}). The apparent dissociation rate constant for TetCT increased linearly with the increase in competitor concentration, corresponding to *k*~IST~ ((4.7 ± 0.8) × 10^8^ M^−1^ s^−1^), close to that of pseudo-WT ((2.5 ± 0.2) × 10^8^ M^−1^ s^−1^) (Figure [3B](#F3){ref-type="fig"}, red and black). In contrast, the apparent dissociation rate constant for CoreTet was not dependent on competitor concentration (Figure [3B](#F3){ref-type="fig"}, blue). Thus, the CT domain is critically important for IST, which might be consistent with suggestions from theoretical investigations ([@B22]). In contrast, the current results clearly demonstrate that the core domain is not directly involved in IST.

![Ensemble kinetic observation of IST for the p53 mutants. (**A**) Domain organization of the p53 mutants. The pseudo-WT p53 is composed of the NT, core, linker, Tet and CT domains. Thick and thin rectangles represent the structured domain and disordered domain, respectively. (**B**) The apparent dissociation rate constants (*k*~obs~) of the pseudo-WT (black), TetCT (red), and CoreTet (blue) mutants of p53 from the non-target 30 bp DNA in the presence of 50 mM K^+^ and 1 mM Mg^2+^ plotted against the competitor DNA concentration. The error bars represent fitting errors of kinetic anisotropy changes using an exponential function. The data in the presence of 50 nM of competitor DNA were obtained in the condition that did not satisfy the pseudo first order approximation, and were presented for comparison. The lines show a linear-fitting of the results obtained in the competitor concentrations between 100 and 200 nM, whose slope corresponds to *k*~IST~.](gky586fig3){#F3}

To further understand the roles of the CT domain, we next examined how salt concentrations affect the kinetics of IST. If the CT domain is used to bind to two DNA segments simultaneously in IST by electrostatic interaction between the positive charges of the CT domain and the negative charges of DNA, *k*~IST~ might be modulated by ionic strength. Accordingly, we estimated the rate constant of IST at different concentrations of K^+^, which screens the long-range electrostatic interactions, and at different concentrations of Mg^2+^, which binds to DNA and neutralizes the negative charges. In the presence of 2 mM Mg^2+^ (Figure [4A](#F4){ref-type="fig"}), *k*~IST~ increased by about six fold with the increase in K^+^ from 0 to 100 mM (Figure [4B](#F4){ref-type="fig"}). In addition, in the presence of 50 mM K^+^ (Figure [4C](#F4){ref-type="fig"}), *k*~IST~ also increased by about nine fold with the increase in Mg^2+^ from 0 to 3 mM (Figure [4D](#F4){ref-type="fig"}). The estimated *k*~IST~ values are summarized in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. The results demonstrate the strong dependency of IST on electrostatic interactions, and are consistent with the involvement of the positively charged CT domain in IST.

![Salt concentration dependency of the IST rate constant for pseudo-WT p53. (**A**) The apparent dissociation rate constant of pseudo-WT p53 (*k*~obs~) from the non-target 30 bp DNA against the competitor DNA concentration in the presence of 0 (red), 50 (black), and 100 mM (blue) of K^+^ and 2 mM Mg^2+^. (**B**) *k*~IST~ values obtained in the presence of 2 mM Mg^2+^ at different concentrations of K^+^. (**C**) The dissociation rate constant of pseudo-WT p53 (*k*~obs~) from the non-target 30 bp DNA against the competitor DNA concentration in the presence of 50 mM of K^+^ and 0 (red), 1 (orange), 2 (black), and 3 (blue) mM of Mg^2+^. (**D**) *k*~IST~ values obtained in the presence of 50 mM K^+^ at different concentrations of Mg^2+^. The data in the presence of 50 nM of competitor DNA in panels (A) and (C) were presented for comparison. The lines in panels (A) and (C) show linear-fitting of the results obtained in the competitor concentrations between 100 and 200 nM, where slope corresponds to *k*~IST~. In panels (A) and (C), the data with 50 mM K^+^ and 2 mM Mg^2+^ (black) in the presence of 200 nM of competitor DNA were adapted from our previous work ([@B12]). The error bars show fitting errors.](gky586fig4){#F4}

Single-molecule observation of IST {#SEC3-3}
----------------------------------

We next characterized IST of p53 by single-molecule fluorescence microscopy. To this end, we prepared DNA strands aligned in crisscrossed patterns by modifying the DNA garden method ([@B23]) (Figure [5A](#F5){ref-type="fig"}), and observed the dynamics of fluorescent p53 on the crisscrossed DNA strands using a TIRF microscope. With this experimental setup, the IST events of fluorescent p53 can be identified as 90-degree changes in the sliding direction.

![Single-molecule observation of IST of p53. (**A**) Schematic drawing of the crisscrossed DNA garden. (Left) The crisscrossed flow cell. Orange cylinders, blue and gray denote connectors to the sample supply and disposal lines, the crisscrossed flow channel, and the coverslip, respectively. (Right) The enlarged view of the coverslip surface at the center of the flow channel. Yellow circles are neutravidin stamped on the coverslip, black curves are DNA, and black circles are biotin. The dynamics of ATTO532-p53 (red circle) near the intersection were observed by TIRF microscopy. (**B**) Representative fluorescence image of ATTO532-p53 observed on the crisscrossed DNA. Black dots represent single p53. Red curves are DNA strands obtained by fitting all the p53 coordinates sliding along DNA strands with a linear (vertical) and quadratic (horizontal) function. Scale bar in panel (B): 2 μm. (**C**)--(**E**) Representative trajectories of the pseudo-WT p53 near the intersection. Panels (C), (D) and (E) represent the images in which pseudo-WT p53 performed IST, passed over the intersection and dissociated from DNA at the intersection, respectively. Panels (F) and (G) represent the trajectories of the TetCT mutant performing IST and the CoreTet mutant which passed over the intersection, respectively. Black solid curves and rainbow curves in panels (C)--(G) denote DNA and the time course of trajectories in which red is the starting point, 0 s, respectively. Scale bars in panels (C)--(G): 0.5 μm. Panels (B)--(G) are the data obtained in the presence of 25 mM K^+^ and in the absence of Mg^2+^. (**H**) The observed numbers of events for p53 mutants entering the intersection. Errors were calculated by the bootstrap method with 1000 replicates ([@B43]).](gky586fig5){#F5}

The crisscrossed DNA strands were prepared as follows. First, neutravidins were stamped on a coverslip in lattice-shaped patterns using a PDMS stamp ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). The crisscrossed flow channels were constructed so that the stamped area could be placed at the center of the channels (Figure [5A](#F5){ref-type="fig"}). Second, a solution containing λDNA conjugated with biotin at both ends was introduced into the flow channel by applying a flow pressure in the horizontal direction. In some experiments, λDNAs conjugated with biotin at one end and digoxigenin at the other end were tethered to the stamped neutravidin by flowing the anti-digoxin conjugate of biotin simultaneously. In this step, most of the DNA strands attached to the stamped biotins were tethered only by one end and were collapsed in the absence of flow. However, a small number of DNA strands, less than one per lattice, attaches the two ends to biotins across the lattice in the extended conformation. Third, we applied a flow pressure in the vertical direction to extend the single tethered DNA strands and promoted the attachment of other ends across the lattice. We could prepare several crisscrossed DNA strands in one preparation of a flow cell consisting of ∼10 000 lattices. In some cases, we continuously applied a flow pressure to stretch single-tethered DNA strands in the vertical direction in order to increase the number of crisscrossed DNA strands.

To observe IST at the single molecule level, we labeled p53 with a fluorescent dye, ATTO532 ([@B13]), and introduced ATTO532-pseudo-WT p53 into the flow cell. To increase the residence time of p53 on DNA ([@B13]), we conducted observations with lower concentrations of cations: 25 mM K^+^ and in the absence of Mg^2+^. Figure [5B](#F5){ref-type="fig"} shows a representative image of ATTO532-pseudo-WT p53 on the crisscrossed DNA. All the black spots in the image correspond to p53, which is the sole fluorescent species in this experiment. The lattice-shaped patterns correspond to immobile p53s attached to the collapsed DNA adsorbed on the stamped neutravidins ([@B23]). However, some p53 molecules showed sliding dynamics along the tethered DNA strands in the region surrounded by the lattices. Accordingly, the location of the tethered DNA strands could be identified by plotting all coordinates of the fluorescent spots in one measurement in one image ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). The images of tethered DNA strands were fitted with a linear or quadratic function (lines of Figure [5B](#F5){ref-type="fig"} and [Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). We found that many p53s showed 1D sliding and sometimes entered the intersection of two DNA strands. For the quantitative analysis, the radius of the intersection was set to 4 pixels (320 nm) by considering the DNA fluctuation. Figure [5C](#F5){ref-type="fig"} shows a typical trajectory where pseudo-WT p53 entered the intersection by 1D sliding from the bottom and moved to the right. The turn of p53 at ∼90° in the intersection implies its transfer from one DNA to the other. Among the 59 events, we identified 10 events of IST for pseudo-WT p53.

Efficiency of IST of p53 {#SEC3-4}
------------------------

We next quantitated the differences among the mutants of p53 by comparing the efficiency of IST. As shown in Figure [5C](#F5){ref-type="fig"}, we identified pseudo-WT p53 performing IST. In addition, larger numbers of pseudo-WT p53 passed over or returned from the intersection without IST (Figure [5D](#F5){ref-type="fig"} and [E](#F5){ref-type="fig"}). Furthermore, others disappeared in the intersection, which represents dissociation of p53 from DNA (Figure [5E](#F5){ref-type="fig"}). Accordingly, the movement of p53 after its entrance into the intersection can be classified into four cases: transfer, pass, return and dissociation. The numbers of the four events were compared in Figure [5H](#F5){ref-type="fig"} and were listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. We defined transfer efficiency (TE) as the ratio of the number of transfer events to that of the overall events.

The TE value of pseudo-WT was estimated to be 17 ± 5% (*n* = 59). The IST of the TetCT mutant was observed similarly (Figure [5F](#F5){ref-type="fig"}), whose TE was 15 ± 3% (*n* = 162). We also detected IST in the presence of 25 mM K^+^ and 2 mM Mg^2+^ ([Supplementary Figure S3B and C](#sup1){ref-type="supplementary-material"}), and estimated that the TE values for pseudo-WT and TetCT were 9 ± 4% (*n* = 44) and 26 ± 4% (*n* = 120), respectively. In contrast, IST of the CoreTet mutant was not observed, corresponding to a TE of 0% (*n* = 20) (Figure [5G](#F5){ref-type="fig"}). Notably, the obtained TE values were minimal estimates because the intersection with 320 nm of the radius used for the analysis is much larger than the actual size of the intersection (2 nm, diameter of DNA helix). Accordingly, some molecules might return to the original direction before reaching the actual intersection as shown in the large fraction of return events (Figure [5H](#F5){ref-type="fig"}). In addition, the variation of the distance between the two DNA strands, estimated within ∼200 nm, might also cause the uncertainty of the obtained TE values ([Supplementary Data](#sup1){ref-type="supplementary-material"}). However, the single-molecule results were consistent with those obtained in the ensemble measurements demonstrating the importance of the CT domain for IST.

DISCUSSION {#SEC4}
==========

In this investigation, we demonstrate that p53 displays extremely fast IST from non-target DNA to other DNA, with a rate constant of ∼10^8^ M^−1^ s^−1^. The ultrafast IST of p53 may be attributed to its unique tetrameric structure having a positively-charged and disordered CT domain. In cells, p53 sliding along DNA would be frequently blocked by other DBPs bound to DNA; however, IST can rescue p53 from trapped sites and resume target search immediately. We will discuss the formation of the ternary complex in IST, the molecular architecture that enables facile IST, and the physiological importance of IST for the target search in nuclei.

We propose that IST of p53 involves the formation of a ternary complex comprising two DNA strands and p53. We detected an increased dissociation rate of p53 from non-specific DNA upon an increase in the competitor concentration; however, Sidorova *et al.* suggested that a similar observation for EcoRI does not imply the formation of a ternary complex and explained that rebinding of the protein after hopping might be inhibited by competitor DNA ([@B27]). We suggest that transfer via hopping is less likely to explain the current results for p53. Tafvizi *et al.* demonstrated that full-length p53 slides along DNA but that the mutant lacking the CT domain hops along DNA ([@B9]). If p53 transfers via hopping, the CoreTet mutant should display a faster dissociation upon increase in the competitor compared to pseudo-WT. The absence of IST for the CoreTet mutant contradicts this explanation, and demonstrates that IST for p53 proceeds through an intermediate formed by binding to two DNA strands simultaneously.

The molecular architecture of p53 possessing four copies of the disordered and positively charged CT domain should enable p53 to bind to two DNA strands simultaneously and facilitate IST. We observed that the pseudo-WT p53 and the TetCT mutant exhibited IST, but the CoreTet mutant did not (Figure [3](#F3){ref-type="fig"}). The transfer efficiency of the pseudo-WT and the TetCT mutant was ∼ 15%, but that for the CoreTet mutant was zero (Figure [5](#F5){ref-type="fig"}). These results were consistent with the coarse-grained MD simulations demonstrating IST triggered by positively-charged tails ([@B20],[@B22]). The increase of *k*~IST~ with increased concentrations of K^+^ and Mg^2+^ can also be understood by considering the roles of the CT domain. Terakawa *et al.* revealed that the number of the CT domains contacting DNA during the 1D sliding decreases with the increase in the concentration of monovalent ion in their MD simulation ([@B16]). The larger number of unbound CT domains at higher salt concentrations might allow p53 to bind to another DNA more frequently and facilitate IST. The positive charge of the CT domain might also be important to screen the negatively charged DNA to which p53 is bound and to enable collision with the second DNA strand. Accordingly, the positively-charged and disordered CT domain is indispensable for fast IST.

The *k*~IST~ value of p53 determined in this investigation is one of the fastest among the reported values of *k*~IST~ for DBPs (Table [1](#tbl1){ref-type="table"}) ([@B28]). The structures of DBPs listed in Table [1](#tbl1){ref-type="table"} are as follows: dimeric folded protein (Fis), a domain composed of three α-helices (Sox2), one structured domain and disordered N-terminal tail (HoxD9), and three folded zinc finger domains connected by linkers (Egr-1). The rate constant *k*~IST-non-target~ for Egr-1 was estimated for the single binding site spanning 9 bp (microscopic rate constant). We can convert the value to the IST rate for the 30-bp DNA by multiplying 22 (macroscopic rate constant), since the 30 bp DNA possesses 22 possible binding sites for Egr-1 ([@B6]). The macroscopic *k*~IST-non-target~ value of Egr-1 becomes comparable to that for p53. Interestingly, all the DBPs in the list possess multiple binding sites to DNA, likely enabling them to capture two DNA strands simultaneously. Schmidt *et al.* reported that the ratio of DBPs forming oligomers is higher than that of total proteins ([@B3]). In addition, some of the DBPs in the list possess the disordered region, which might also be important for IST ([@B19]). We suggest that the architecture of p53, possessing multiple copies of the disordered binding sites, is optimized for efficient IST and distinguishes p53 among the DBPs.

###### 

*k* ~IST~ values of a variety of DBPs

  Protein                              Fis^a^       Sox2^b^               HoxD9^b^          Egr-1^c^          Pseudo-WT p53^b^   TetCT mutant p53^b^
  ------------------------------------ ------------ --------------------- ----------------- ----------------- ------------------ ---------------------
  *k* ~IST-target~ / M^−1^ s^−1^       N. D.        No IST                ∼6 × 10^4^        0.84 ± 0.16       No IST             N. D.
  *k* ~IST-non-target~ / M^−1^ s^−1^   ∼1 × 10^4^   (1.3 ± 0.2) × 10^6^   ∼1.4 × 10^6^      10^5^--10^7^      ∼10^8^             ∼10^8^
  Oligomerization state                2            1                     1                 1                 4                  4
  \# of basic tails                    0            0                     1                 0                 4                  4
  References                           ([@B33])     ([@B32])              ([@B30],[@B31])   ([@B28],[@B29])   This study         This study

^a^The *k*~IST~ value of Fis was estimated by examining the competitor-dependent dissociation of Fis from a long DNA strand. The observed *k*~IST~ value was converted from the weight concentration unit \[(ng/μl)^−1^ s^−1^\] into the unit of the Fis binding-site concentration (M^−1^ s^−1^), assuming the length of the Fis binding site of 21 bp.

^b^The *k*~IST~ values for Sox2, HoxD9 and p53s were obtained based on the competitor dependent dissociation experiments and were presented in the unit of the concentration of the DNA strand used. The lengths of the competitor DNAs used were 29, 24 and 30 bp for Sox2, HoxD9 and p53, respectively.

^c^The *k*~IST~ value of Egr-1 for the non-target DNA was obtained by mixing the solution of Egr-1 with that containing the FAM-labeled target DNA and the competitor DNA. The time courses of the association of Egr-1 to the target site were fitted with the equations assuming the IST, giving the microscopic *k*~IST~ value based on the Egr-1 binding-site concentration, whose length was assumed as 9 bp.

N.D.: not determined.

The ultrafast *k*~IST~ is physiologically significant in the target search of p53 in nuclei. The concentration of DNA in nuclei is ∼150 mM by base pairs ([@B31]) and ∼5 mM in the unit of 30 bp. The accessible DNA *in vivo* is assumed to be ∼1%, because the other DNA regions are wrapped around histone proteins and form nucleosomes and chromatin structures ([@B34]). Thus, the concentration of accessible DNA in nuclei is 50 μM in the unit of 30 bp. The diffusion coefficient of the p53-DNA complex in cells was estimated as 0.014 μm^2^/s ([@B35]), which was ∼3400-fold smaller than that for p53 in solution (48 μm^2^/s) ([@B9]). Since the diffusion coefficient of the complex between p53 and 30 bp-DNA in solution should be comparable to that of free p53 ([@B24]), the *k*~IST~ in nuclei can be estimated as 2.9 × 10^4^ M^−1^ s^−1^. Thus, the apparent rate constant of IST in nuclei can be estimated by multiplying 2.9 × 10^4^ M^−1^ s^−1^ and 50 μM giving 1.5 s^−1^. This is 2.5-fold faster than the dissociation rate constant of p53 from nonspecific DNA (0.6 s^−1^) in nuclei ([@B35]), and demonstrates that the IST event should occur at least at a rate comparable to that of the dissociation of p53 from DNA. We suggest that p53 requires ultrafast *k*~IST~ to conduct IST efficiently even in the crowded nuclear environment.

IST can be categorized as one mechanism of the facilitated dissociation, in which the third biomolecules such as proteins and DNA increase the apparent dissociation rate of DBPs bound to DNA in a concentration-dependent manner ([@B36]). In contrast to the simple dissociation, in which the dissociation is independent from the concentration of other molecules, the facilitated dissociation including IST should be important in cells crowded with biomolecules. Further investigations on the other mechanisms of the facilitated dissociation for p53 are warranted.

In summary, we demonstrate that IST of p53 occurs extremely fast with a bimolecular rate constant of ∼10^8^ M^−1^ s^−1^ using ensemble stopped-flow measurements. In addition, single-molecule fluorescence methods also showed the transfer of p53 between two tethered DNA strands in a crisscrossed pattern. A simple consideration suggested that the IST of p53 should contribute to a facilitated target search in the crowded nuclear environment. The presence of four copies of the positively charged and disordered C-terminal domain enables p53 to conduct ultrafast IST.
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